A theoretical study based on first-principles calculations about the interaction and diffusion of Ni atoms on pristine graphene and graphene with a single vacancy is presented. In the first case, we explored the structural changes due to the adsorption of Ni on graphene and the effects on the electronic structure.
Introduction
Graphene has attracted great attention from both experimentalists and theoreticians since its experimental synthesis in 2004. [1] [2] [3] This material shows a unique sub-lattice symmetry and is a zero-gap semiconductor with high electron mobility, reaching 1 to 5 Â 10 4 cm 2 V À1 s À1 at room temperature with an intrinsic mobility limit of 2 Â 10 5 cm 2 V À1 s À1 . 4 Graphene also shows interesting physical phenomena such as the anomalous quantum Hall effect and the presence of massless Dirac fermions. 5 The understanding of the role of defects in the properties of graphene and carbon-based nanostructures has become essential for the development of several applications and devices based on carbon, such as lithium storage in nanotubebased batteries, environmental applications, and catalytic growth, to name a few. [6] [7] [8] [9] In this sense, it is well known that pristine graphene does not present magnetic properties, but the introduction of defects can be a method to induce that behavior. 10 Some theoretical studies have been devoted to the study of this phenomenon. [11] [12] [13] Graphene magnetism can be achieved with single or double vacancies and Stone-Wales defects; being the most common and stable the single vacancy. 14 These vacancies can promote p long-range order magnetism; ferromagnetic or antiferromagnetic, depending on the defect sublattice. Even non-magnetic defects have been predicted to display a short-range magnetic order, although measurements of magnetic states have produced contradictory results in graphene oxides. 15, 16 Substitutional atoms in graphene by transition metals (TM), from the 4d and 5d rows, behave similarly regarding their geometrical and magnetic properties. In the case of 3d TM impurities, a larger magnetic moment at the adatom was found for Cr and Mn, which couple antiferromagnetically to the neighbor C atoms. 17 In this sense, there is a great interest in understanding the characteristics that govern the interaction between transition metals and graphene. [18] [19] [20] [21] In another way, besides the interaction of graphene with TM, very recently it was reported the interplay of transition metals with other 2D materials such as C 3 N, germanene, phosphorene, stanene, and tin sulde, to name a few. 22, 23 A widely studied phenomenon in which the scattering of conduction electrons by magnetic impurities increases as the temperature is lowered, depends strongly on the density of states at the Fermi energy. First-principle calculations have predicted that magnetic impurities on the free-standing graphene exhibit the Kondo effect and that their presence control the density of electronic states at the Fermi level. 24 According to experimental reports, intrinsic defects in crystals are not always stationary, and their migration can have a signicant inuence on the properties of a defective crystal. In graphene, vacancies or Stone-Wales defects, can change not only the properties of graphene itself but the mobility of adsorbed atoms, which could diffuse parallel to the graphene plane. The diffusion of adatoms on pristine graphene require less energy than in graphene with a vacancy due to the strong covalent bonds between the adatoms and the C atoms from the vacancy. 25 That motion is generally governed by an activation barrier that depends on the type of defect and exponentially increases with temperature. 16 The migration of some adatoms such as Au and Pt over graphene was followed by means of high-resolution transmission electron microscopy (TEM). 26 In those cases, in which TM metals atoms are adsorbed on a vacancy, the activation energy for the in-plane migration of both species on defective graphene was 2.5 eV (at 600 C), which indicates covalent bonding between metal and carbon atoms from the vacancy. Furthermore, the linear diffusion of these atoms along the open edge of a graphene layer occurs at slightly lower activation energy. 26 On the other hand, it was found that diffusion of metal atoms in curved layers of carbon nanotubes is somewhat faster than in planar graphene. This topic gave rise to the development of theoretical works within the density functional theory (DFT) in which the formation of small gold clusters and their diffusion in graphene were studied, both parallel to the graphene plane and on the edges of graphene. 27, 28 On the other hand, adsorption and migration energies for 3d transition metal atoms on graphene have been reported using DFT. 17, 25, [29] [30] [31] [32] [33] [34] [35] [36] [37] It was found that most of the transition metals studied have the highest adsorption energy in a hole site (H) in the graphene network [see Fig. 1 (a)], except Cr. It was reported that the migration energy barrier for TM adatoms on graphene is in the range between 0.2 to 0.8 eV, which indicate that the adatoms can move over graphene at room temperature. 25 On the other hand, Ni-based clusters are promising catalysts in terms of cost and outstanding activity compared with noble-metals. 38 Furthermore, very recently a study of the interaction of Ni clusters in graphene with vacancies was reported, where the diffusion of Ni nanoclusters on graphene with random vacancies at high temperatures was reported. 39 In this work, we present a rst-principles study of the structural and electronic changes that occur when Ni is adsorbed on graphene and graphene with a single vacancy. We analyzed the structural effects such as the deformation of the system in the presence of extrinsic defects and their effect on the electronic structure. In particular we analyzed how the Jahn-Teller distortion, present in the single vacancies in graphane, change in the presence of chemisorbed Ni. We also calculated how the adsorption energies depend on the distance between the adsorbed atom and the vacancy, and the energies required for the diffusion of Ni over pristine graphene and graphene with a single vacancy. We explored several paths over the surface to identify the inuence of the topography and the deformation of the graphene layer on the energy barriers.
The present work is organized as follows. In Section 2 we give a detailed description of the computational methods used in this report. A brief description of graphene and graphene with a vacancy is given in Section 3.1 in order to substantiate our work and be able to compare our results with those of the literature. The results and discussion of the Ni atoms adsorbed on graphene and graphene with a vacancy are described in Section 3.2. Calculations of the energy barriers of Ni on graphene are presented in Section 3.3. Finally, we discuss and summarize the primary results of this work in Section 4.
Computational details
Calculations of the total energy were performed within the framework of the spin-polarized density functional theory (DFT) 40 and the projector-augmented wave (PAW) 41, 42 method as implemented in the Vienna Ab initio Simulation Package (VASP). [43] [44] [45] [46] A plane-wave energy cutoff of 500 eV was used to ensure high precision in our calculations. The exchangecorrelation energy was described within the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof prescription. 47 Monkhorst-Pack scheme was employed to discretize the Brillouin-zone (BZ) integrations 48 with a mesh of 11 Â 11 Â 1 for the primitive unit cell (2 atoms) of graphene; this ensures precision of the energy to less than 1 meV per atom. For the simulation of graphene with a vacancy and the adsorption of a Ni atom on graphene, an 8 Â 8 Â 1 (128 C atoms) supercell was used. For this large supercell of graphene, the distance between the vacancy and its image due to the periodic conditions is z20Å and represents a concentration of vacancies or adatoms of 1/128. For this large supercell, the calculations were performed with just one k-point. It is worth mentioning that the calculations were made by xing the graphene cell vectors while allowing the carbon and nickel atoms to relax. The calculations of Ni adsorbed on graphene and graphene with a vacancy were performed without xing the magnetic moment. In particular we nd that the magnetic moment of Ni is zero in the lowest state energy, as reported in the literature. 33 Likewise, we nd that there is no magnetization in the Ni/graphene system for Ni adsorbed on the vacancy, but there is a small magnetic moment in some cases when the Ni atom is adsorbed outside the vacancy. This point will be discussed in the next section. Methfessel-Paxton smearing 49 was used with an n value of 2. A value of 0.02 eV was chosen for the width of the smearing.
The adsorption energy, E ad , for Ni atom on graphene with and without a vacancy is calculated as follows Table 1 Properties of a Ni atom adsorbed on graphene. E ad is the adsorption energy, d Ni-C is the distance between the Ni atom and the nearest graphane C atoms, and z is the height measured from the clean graphene plane to the Ni atom Fig. 3 The first row shows a contour plot of the Electron Localization Function, ELF. The colors used for ELF are the same as in Fig. 2 . The second row shows the charge density difference, Dr(r), among the charge density of the graphene/Ni system and the individuals charge densities of graphene and Ni. Cyan and purple colors correspond to positive and negative values. The charge density differences were computed at 0.01 eV A À3 . The first column corresponds to site H of pristine graphene, and columns 2-4 to sites a, b, and c from graphene with a vacancy, see Fig. 1 (b).
where E C/Ni , E C , and E Ni are the total energies of the Ni-graphene system, the corresponding clean graphene with and without a vacancy, and the energy of the free Ni atom. We dene the vacancy deformation, D i (%), due to the adsorption of the Ni atom at the i site on graphene with a vacancy [see Fig. 1 
where p is the perimeter of the clean graphene vacancy formed by the contour made by the four-sided open paths around the vacancy of Fig. 1 (b) (site a), and p i is the perimeter of the same vacancy area when one Ni atom is adsorbed at the i site.
The charge redistribution due to the adsorption process of Ni on graphene is used to analyze the nature of electron transfer. The charge density difference is calculated as follows
where r C/Ni (r), r C (r), r Ni (r) are the charge density at a given point r, of the Ni-graphene system, the corresponding clean graphene with and without a vacancy, and the contribution to the charge density coming from the free Ni atom, respectively. The dissociation paths and diffusion barriers are determined by using the nudged elastic band (NEB) method. 50, 51 The NEB is a method used to nd saddle points and minimum energy paths between known reactants and products. The method works by optimizing a number of intermediate images along a reaction path. Each image nds the conguration with the lowest energy while maintaining equal spacing to Properties of a Ni atom adsorbed on graphene with a vacancy. Here d V is the distance measured from the Ni atom adsorbed at site a, and Ni adsorbed at any of the other different sites, E ad is the adsorption energy, hd Ni-C i is the average distance between Ni and the nearest C atoms, z is the height measured from the clean graphene layer to the Ni atom, D i is the perimetrical deformation around the vacancy due to the Ni adsorption, and m C (m Ni ) is the magnetic moment of C (Ni) atom from the vacancy with the dangling bond The number of images used in the calculation was chosen according to the complexity of the geometry of the system.
Results and discussion

Graphene with and without a vacancy
As a rst step and in order to test the accuracy of our method, we calculated rst the properties of graphane without and with a vacancy, and compare our results with those published with similar theories. 3, 33 Graphene has a hybridized sp 2 bonding. It shows three in-plane s bonding orbitals and a p orbital perpendicular to the plane. While the strong s bonds work as the rigid backbone of the hexagonal structure, the out-of-plane p bonds control the interaction between different layers in graphite, 3 and the interaction with adsorbed atoms. We have used electron localized function (ELF) maps to observe the bonding patterns within the graphene network. As shown in the right panel of Fig. 2 , the areas with blue tonality represent high density (bonding), and red zones denote an electronic charge density deciency. On Fig. 2(c) , we show the case of pristine graphene with covalent C-C bonds with perfectly marked electron states. In our calculations, we obtain a graphene C-C interatomic distance of 1.425Å, in good agreement with the value of 1.43Å from ref. 33 . The simplest defect in any material is the absence of an atom in the perfect lattice. Single vacancy (SV) in graphene has been observed experimentally by Transmission Electron Microscopy (TEM) and Scanning Tunneling Microscopy (STM). 16, 54 As it is shown on Fig. 2(d) , C atoms around the SV undergoes a Jahn-Teller distortion which leads to the formation of a weak s bond between C atoms 1 and 3 (see Fig. 1 ) while atom 2 remains with a dangling bond. This vacancy with 5-9 ring structure is called a V 1 (5-9) defect. 16 Graphene with the vacancy V 1 (5-9) is 332 meV more stable than graphene with a vacancy with C 3V symmetry. In our results, the distance among C atoms 1 and 3 is Fig. 2 (a) and (b) presents the band structure and total density of electronic states (DOS) of pristine graphene and with a single vacancy. One observes that the zero energy gap at the Fermi energy, characteristic of graphene, gets populated by the presence of vacancies, even at such a low concentration of 0.008 (1/128). As can be seen in the electronic structure of Fig. 2(b) , there is a signicant difference in the up and down states, mainly around the Fermi level and at 2 eV. This indicates that there is a magnetization, which is distributed mostly in the C atom with the dangling bond and less in C atoms with the weak s bond of the vacancy. In our case, we nd a total magnetic moment of 1.16 m B , in fair agreement with magnetic moment (1.45-1.53 m B ) from ref. 10.
Ni adsorption on graphene
Recently, it has been reported that transition metal (TM) atoms can be adsorbed in three different sites on graphene. 25, 30, 31, 33, 55, 56 The possible adsorption sites have been labeled as H, T, and B, which correspond to the Ni atom adsorbed on a carbon hexagon, on top of a C atom, and in a bridge between two C atoms, respectively, see Fig. 1(a) . First, we performed the calculations of the adsorption of Ni atom on pristine graphene in order to understand the effects of the Ni adsorbed on graphene with a vacancy. The adsorption energy, E ad , the distance between Ni atom and the nearest graphane C atoms, d Ni-C , and the height measured from the clean graphene plane to the Ni atom, z, are listed on Table 1 . As expected, the strongest adsorption energy corresponds to Ni adsorbed on an H site, with a difference of 236 meV with respect to the B site and 313 meV to the T site. These results are in agreement with those reported in the literature. 25, 33, 55 Note that Ni is coordinated with six, two, and one carbon atoms in H, B, and T site, respectively. The adsorption of Ni on pristine graphene induces local deformations on the C-network, mainly in the carbon bonds formed by the atoms linked to Ni and the bonds between second C neighbors. In the case of the adsorption of Ni on T site the C-C interatomic bond distance between the atom below and its neighbors increase from 1.425 to 1.441Å. For adsorption on a B site, the bridge that is formed by the two carbon atoms is deformed to 1.440Å and a C-C distance of 1.439Å between the bridge atoms and its other two neighbors. Whereas in the H site the distance between the hexagon atoms is 1.441Å and the distance between these atoms and the other two neighbors have a C-C distance of 1.428Å. Thus, in the last case, the Ni adsorption produces the less lattice deformation. This is directly related with the smallest z and largest d Ni-C values, (see Table 1 ). Since H is the most relevant adsorption site, from now on, the only adsorption on this kind of sites will be discussed.
The structural changes in graphene due to the Ni adsorption have a direct effect on the electronic structure. This is illustrated in Fig. 3 . The rst column corresponds to the absorption of Ni on a perfect C-lattice. The columns (b) to (d) contain the information for the cases where the Ni atom is adsorbed on sites a, b, and c of a defected lattice [see Fig. 1(b) ], which will be discussed later. In the top gures, we display the contour plots of the ELF corresponding to the different cases. Here, we see that in site H, the charge distribution is modied mainly around the six C nearest neighbors and only subtle changes are noticed in the second neighbors. Table 3 Energy barriers for Ni diffusion on graphene and graphene with a vacancy (wV). Where IS and FS are the initial and final state, respectively, according to Fig. 1(b) , z TS is the height measured from the graphene layer to the Ni at the transition state (TS) crossing the energy barrier, d TS is the short distance from Ni to a C atom at TS, and E barr is the energy barrier at TS The lower row of Fig. 3 corresponds to the iso-surfaces of the charge density differences, Dr(r) (see Section 2). According to this gure, there is a small change in the charge density up to the second neighbors for an iso-surface level of 0.01 eVÅ À3 . Furthermore, the band structure presented in Fig. 4(a) shows that Ni changes the electronic structure of graphene, mainly in the range from À2 eV up to the Fermi level, where there is a hybridization of states from both species that give rise to the formation of the bonds between Ni and carbon atoms. New bands appear in that range of energy, a fact that is reected in the DOS, mainly from À2 eV to the Fermi level, and at 1 eV. As we can see from the DOS, these occupations belong to the s and d states from Ni. Similar results were reported in the literature. 33, 36 It was not observed a difference in the up and down channels in the electronic structure.
In the case of graphene with a vacancy, Fig. 1(b) shows with letters from a to o the inequivalent sites of the graphene supercell where the Ni atom can be adsorbed. In that gure, sites c 0 and f 0 are equivalent with sites c and f, respectively. Furthermore, the numbers 1 to 3 are used to indicate which atoms around the vacancy move away from the graphene layer due to the adsorption or diffusion of Ni over graphene. Also, we use numbers 1 to 3 to identify the atoms in the Jahn-Teller distortion. Table 2 lists the main results for the adsorption of Ni on graphene with a vacancy, similarly to the results of Table 1 with a few differences. Here d V indicates the distance from Ni adsorbed on a graphene hexagon to the position of Ni when is adsorbed on the vacancy. This is a measure of the inuence of the vacancy in the adsorption energy on a hexagonal site away from the vacancy. D i indicates the perimetrical deformation around the vacancy due to the Ni adsorption in comparison to Fig. 8 (a) Two selected minimum energy paths for a Ni atom moving across graphene to a vacancy, f to a, and d to a. Transition state points are denoted by triangles. Inset (b) shows a magnification of the paths around the saddle points. The x-axis represents the distance between the initial and final states. Open symbols stand for our static calculations while the solid ones are for results from cNEB results. Insets (c), and (d) show the positions of the atoms at some points marked in inset (a), where, the transition state (TS) is specifically indicated.
the clean graphene with a vacancy. Also is listed the magnetic moment of the respective carbon atom with the dangling bond of the vacancy, which is the carbon atom with the largest magnetic moment among the other C atoms, and the magnetic moment of Ni atom.
According to Table 2 the lowest adsorption energy belongs to nickel adsorbed on the vacancy (site a), with a value of À6.713 eV. This indicates that once a Ni atom is adsorbed on the vacancy, a very high temperature would be required to break the Ni-C bonds. A value of z7 eV was reported in ref. 25 using a 7 Â 7 Â 1 cell, where a series of TM atoms were adsorbed on single and double vacancies of graphene. In this conguration, Ni is strongly bonded to three carbon atoms with an interatomic Ni-C distance of 1.796Å, which is much smaller than the distances listed on Table 1 . Also, we nd that in this site carbon atoms 1-3 are pulled 0.431Å outward of the layer, by the Ni atom.
When Ni is adsorbed over a hexagon, away from the vacancy, there are signicative differences on the adsorption energy, and in the deformation of the structure, depending on the location of the Ni atom with respect to the vacancy. In general, when Ni is adsorbed on a C hexagon, the graphene layer undergoes a deformation, mostly in the bond distances around the vacancy. In almost all cases, the C atom with the dangling bond is displaced away from the graphene plane. Besides, depending on the position of the Ni atom, the Jahn-Teller distortion of the vacancy can change from the initial conguration to minimize the energy of the system. That is, in some cases the minimum energy state of the Ni/graphene system will be given when atoms 1 and 3 of the vacancy form the weak s bond, while in other cases the same bond will be formed with atoms 2 and 3, as seen in Fig. 5 .
To have a general picture, Fig. 6 shows the variation of the (a) adsorption energy, (b) the average of the Ni-C distance, (c) the distance from Ni to the clean graphene plane, and (d) the perimetrical deformation around the vacancy, as a function of the distance between the Ni atom adsorbed on a hexagon, and the position where a Ni atom is adsorbed on the vacancy, d V . As can be observed in Fig. 6(a) , the Ni atom bonds weaker as the Ni atom is adsorbed further away from the vacancy. In the case of hd Ni-C i, when Ni is on any C hexagon, the values are around 2.119Å, as compared to 1.796Å that corresponds to the case when Ni is adsorbed at the vacancy. These two curves show that, for E ad and hd Ni-C i, there is a signicant difference only when the Ni atom is in the vacancy or adsorbed in any other hexagon, regardless of the distance of the Ni atom to the vacancy. The variation of z with d V is very similar to the trend in Fig. 6(a) and (b). However, in this case there is a marked difference when the Ni atom is adsorbed in site b (d V ¼ 3.001Å), because the C atom 2, which has a dangling bond, moves out of the graphene plane. This effect is produced by the fact that this atom is only bonded with other two C atoms. This deformation was also observed when Ni is adsorbed on bilayer graphene with a single vacancy. 33 According to Fig. 6(d) D i reaches its maximum when the Ni is in site b, for the reason mentioned above. As the distance d V increases this deformation decreases to 0.029, point in which the Ni atom is at the site f. From this point on, it reaches an average value of 0.0703%. From Fig. 3(b) , one observes that the ELF contour plot shows a symmetrical redistribution of the electronic density around the vacancy due to the adsorption of Ni on site a. Whereas, the Dr(r) shows that, in general, this electronic redistribution affects up to second neighbors, as shown in the second row of Fig. 3(b) . On the other hand, the band structure and the DOS from Fig. 4(b) show the splitting of the bands in the deeper Fig. 9 (a) Minimum energy path for a Ni atom moving around the vacancy, from c to b. The x-axis represents the distance between the initial and final states. Open symbols stand for our static calculations while the solid ones are for results from cNEB results. In the middle and lower panels, Insets (b) to (e) show the positions of the atoms at some points marked in inset (a), where, the transition states (TS) are clearly indicated.
states. More importantly, is the energy shi in the bands around the Fermi level due to the Ni adsorption on the vacancy. This shi in the bands can be seen by comparing the band structure of clean graphene with a vacancy [see Fig. 2(b) ] and with Ni adsorbed on the vacancy [ Fig. 4(b) ]. It is noteworthy that at 0.34 eV a new band appears corresponding to the d states of the Ni. At this same energy, a large peak appears in the DOS due to the coupling of the Ni and C states.
When Ni is adsorbed outside the vacancy in positions b to o the picture is quite different. According to the ELF contour plots of the rst row of Fig. 3(c) and (d) , the charge deciency space take a similar shape to the pure graphene with the vacancy of Fig. 2(d) . The redistribution of the charge has a reection symmetry when the adsorption takes place in the b site, while the other ones do not present a particular symmetry. Thus, the structural deformation observed in Fig. 6(d) for Ni adsorbed on sites b, and c, is completely due to the fact that the adsorption of Ni deforms the structure of the vacancy. On the other hand, as seen in Fig. 3(c) and (d) , from the second row, the redistribution of the charge density difference spreads to a longer distance when Ni is adsorbed at site c than in b.
Regarding the magnetic moment listed in Table 2 for Ni adsorbed in some sites out of the vacancy, it is observed that the carbon atom with the dangling bond has a value that is around 0.4 m B . Close to the value of the same atom in the graphene with a vacancy (0.54 m B ). Other carbon atoms present a magnetic moment but are quite small. On the other hand, the magnetic moment of Ni strongly depends on its position with respect to the vacancy. To make it clearer, Fig. 5 shows the magnetization of the charge density for the Ni atom adsorbed at several sites out of the vacancy. The greater contribution comes from the C atom with the dangling bond. One can observe this information in the band structure and DOS of Fig. 7 for Ni adsorbed on site c. In this case, there is a separation in the up and down states similar to that observed in graphene with the vacancy in Fig. 2(b) . However, this splitting is more marked from À2 to 1 eV, corresponding to the s and d states of Ni. We can also see that in this energy range there are now new bands belonging to the Ni atom, which make a greater difference in the up and down states. Thus, we can see that the Ni adsorption favors graphene magnetization with the vacancy by increasing the population of states around the Fermi level. We observe a similar behavior for Ni adsorbed on other sites away from the vacancy. Thus, the reactivity of the Ni/graphene system will change depending on the position of the Ni with respect to the vacancy. Which can have a major impact on catalysis and electronics.
Ni diffusion on graphene with and without vacancies
The energy barriers that prevent the Ni atom motion over the graphene layer with and without a vacancy, were calculated for several possible initial and nal states according to the Ni positions illustrated in Fig. 1(b) and the calculated adsorption energies from Tables 1 and 2 The results obtained using the climbing image nudged elastic band (cNEB) method are listed in Table 3 . In the absence of experimental evidence, we compare our results to other theoretical reports.
First, we calculated the energy barrier that the Ni atom encounters when moving over perfect graphene from one hexagon to another, passing over two carbon atoms [ Fig. 1(a) ]. To perform this movement, the energy barrier obtained in our calculations was 244 meV. This is in agreement with previous calculations, 25 where the energy barrier for transition metal atoms (Sc-Zn, Pt, Au) that move from an H site to another, are in the range of 0.2-0.8 eV. In all the states for that path, the Ni magnetic moment is zero, and the adsorption of Ni produces a small distortion of the structure along the H-H path. The larger distortion is produced when Ni is in the B site, that corresponds to the saddle point. Here, the C atoms linked to Ni move 0.161Å above the graphene plane. Thus, the path followed by Ni in its motion on graphene is from one H site to another along the bridge sites.
The situation is quite different when Ni is adsorbed on graphene with a vacancy. As we saw in the previous section, when the Ni atom is adsorbed on defected graphene, the carbon atoms around the vacancy relax upward or downward the plane, depending on the particular absorption site. Furthermore, it was observed that when a nickel atom moves from an H site to another one, the energy barrier is a sum of the energy due to the Ni atom passing over two carbon atoms (B site) and the energy due to the movement of carbon atoms around the vacancy [atoms 1 to 3 from Fig. 1(b) ].
When the Ni atom is adsorbed in a H site at a distance larger than 3.7Å, the energy required to migrate to another H place, is between 200 and 300 meV. There are three exceptions; two of them smaller, corresponding to the jumps n-l and f 0 -e, and one with the highest energy barrier d to c 0 . In the rst one, the Ni atom goes from the n site, which does not induce a distortion around the vacancy according to Table 2 , to the l site, where C 3 [see from Fig. 1(b) ] moves away from the graphene plane on the opposite side of Ni. Thus, the initial movement of the Ni atom induces a small distortion of C atoms towards the l conguration, that is the reason for the small energy barrier of 148 meV. Let us recall that C atoms 1-3 around the vacancy do not undergo a distortion when Ni is adsorbed on site n. Otherwise, when Ni moves along the path f 0 -e the position of the C atoms around the vacancy do not suffer remarkable changes, only C 2 moves down to the opposite side of Ni. That is, only one carbon atom moves in the neighborhood of the vacancy.
The highest energy barrier corresponds to the diffusion of Ni from site d to c 0 . Here, the Ni atom moves from a position away from the vacancy to one of the two possible sites neighboring the vacancy. This movement changes strongly the structure of the atoms that surround the vacancy. In the initial state, site d, the carbon atom 3 is out of the plane of graphene. As the Ni atom starts the movement to site c 0 this C atom moves with the other carbon atoms to reach the transition state (bridge sitetype) and aligns with the other C atoms in the plane. Once Ni passes from the bridge to the site c 0 , the carbon atom C 1 and its two neighbors move out of the plane. Hence, this high energy barrier is more related to the deformation of the graphene layer.
In Fig. 8(a) and (b) , we present the energies associated to the migration of a Ni atom along two trajectories that end at the vacancy a. The line in black corresponds to the path f to a crossing the site c and then continuing to the vacancy. On the other hand, the line in red corresponds to the case in which the Ni moves from site d to a. These results show that the easiest way to reach the vacancy is through the second path. In Fig. 8(b) we show the detailed behavior around the saddle (transition) points, which are marked by triangles.
In Fig. 8(c) we show the trajectory, in real space, that follows the Ni atom when it moves from site c to the vacancy a. This trajectory shows the second lowest energy barrier value, of 103 meV, which corresponds to path 1 [see Fig. 8(a) ]. Here the saddle point occurs at 3.694Å, position at which the Ni atom is located over one C atom. At this point, the carbon atoms C 1 and C 3 do not move away from the graphene layer while C 2 moves 0.516Å upward. In the way to the vacancy, the Ni atom moves over the carbon atoms close to C 1 , as seen in Fig. 8(c) .
On the other hand, as shown in Fig. 8(d) , when Ni moves from site b to the vacancy a, the Ni atom reaches the saddle point at a distance of 2.608Å with respect to the initial state at site d, see Fig. 8(a) ; here the energy barrier is only 30 meV. Note that the saddle point is reached even before the Ni atoms moves out of the hexagon b. This energy barrier is mainly due to the movement of Ni over graphene, not due to a distortion of atoms from the vacancy.
Finally in Fig. 9 , we show the results when the Ni atoms moves around the vacancy, i.e. from site c to b along c 0 . As presented in Fig. 9(a) , the transition from site c to c 0 requires to overcome an energy barrier of 287 meV. When Ni moves further from site c 0 to b, there are strong changes in the vacancy structure due to the attraction exerted by the defect on the nickel atom. Thus, we see a decrease in the energy barrier when the nickel moves from position c 0 to b. In the middle and lower panels Fig. 9 (b)-(d), we show the real space trajectory. Here, we also give the distances from the initial point; Fig. 9 (c) and (d) correspond to the transition points.
Summarizing, we observe that a Ni atom moves from a hexagonal site away from the vacancy overcoming energy barriers in the range of 148 to 340 meV, approaching to site b or c. Finally, to reach the vacancy, the Ni atom has to overcome an energy barrier of 30 or 103 meV from those sites, respectively.
Conclusions
Nickel adsorption and diffusion on pristine graphene and graphene with a vacancy was explored by using rst-principles calculations and the climbing image nudged elastic band method. We calculated the electronic structure within the framework of the spin-polarized density functional theory and used an 8 Â 8 Â 1 supercell. The band structure and the local density of states were obtained to explore the changes in the electronic states close to the Fermi energy. The electron localization function was analyzed to see the charge redistribution produced by the adsorption of a Ni atom. For the pristine graphene, we nd that the highest adsorption energy is obtained when the Ni atom is adsorbed on a H site (À1.493 eV), followed by the bridge (À1.257 eV), and top sites (À1.18 eV), i.e. the system Ni/graphene becomes more stable as the number of Ni-C bonds increases. We also characterized the different bond lengths and geometrical rearrangement of the neighbor graphene atoms.
Regarding the graphene with a vacancy, due to the size of the supercell, the concentration of vacancies is 1/128 and there are 15 non-equivalent sites. For the rst time, a complete study of the interaction of Ni on the 15 possible sites, on and around the lattice defect. Here, the dependence of the adsorption energy, Ni-C interatomic distance, and perimetrical deformation around the vacancy, were analyzed as a function of the position at which the Ni atom is adsorbed. We found that, in most cases, the structural deformation of graphene is accompanied by magnetization of the system similar to graphene with the vacancy. Likewise, we found that the Jahn-Teller distortion of the vacancy changed depending on the position of the Ni atom in order to minimize the energy of the system. Another important aspect is that we showed clearly how the magnetic solutions also depend on the Ni-vacancy distance. So, we hope this part of the article will serve as a guide for future works of other transition metals interacting with defective graphene.
As previously reported, and based on the topological structure of the potential surface energy, we found that the vacancy exerts a strong attraction on the Ni atom, as deduced from the comparison between the adsorption energy when Ni is adsorbed on the vacancy and the cases in which the Ni atom is adsorbed on any other H site. We also presented, for the rst time, a detailed analysis of the energy barriers, calculated with a rened version of the NEB, that the Ni atoms must overcome to move along the graphene layer. From our results, we found that the Ni atom can move easily through the surface away from the defect, but once it falls in the vacancy it gets trapped and, from the experimental point of view, it would require high temperatures to be able to remove the atom from the vacancy.
We hope that this work will serve as a motivation to carry out new studies on the diffusion of transition metals in 2D materials with defects.
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